The endoplasmic reticulum (ER) is the main site of protein synthesis, folding, and secretion 22 to other organelles. The capacity of the ER to process proteins is limited, and excessive 23 accumulation of unfolded and misfolded proteins can induce ER stress, which is associated 24 with plant diseases. Here, a transgenic Arabidopsis system was established to express anti-25 cancer monoclonal antibodies (mAbs) that recognize the tumor-associated antigen GA733-2. 26 The ER retention Lys-Asp-Glu-Leu (KDEL) motif sequence was added to the C-terminus of 27 the heavy chain to retain anti-colorectal cancer mAbs in the ER, consequently boosting mAb 28 production. Agrobacterium-mediated floral dip transformation was used to generate T 1 29 transformants, and homozygous T 4 seeds obtained from transgenic Arabidopsis plants 2 30 expressing anti-colorectal cancer mAbs were used to confirm the physiological effects of 31 KDEL tagging. Germination rates were not significantly different between mAb CO and mAb 32 COK. However, mAb COK primary root lengths were shorter than those of mAb CO plants 33 and non-transgenic Arabidopsis plants in in vitro media. Most ER stress-related genes, with 34 the exception of bZIP28 and IRE1a, were upregulated in mAb COK plants compared to mAb 35 CO plants. Western blot and SDS-PAGE analyses showed that mAb COK plants exhibited up 36 to five-times higher expression and mAb amounts than mAb CO plants. Enhanced expression 37 in mAb COK plants was confirmed by immunohistochemical analyses. mAb COK was 38 distributed across most of the area of leaf tissues, whereas mAb CO was mainly distributed in 39 extracellular areas. Surface plasmon resonance analyses revealed that both mAb CO and mAb 40 COK possessed equivalent or slightly better binding activities to antigen EpCAM compared to 41 a commercially available parental antibody. These results suggest that the introduction of the 42 KDEL motif is a promising strategy for obtaining enhanced amounts of recombinant 43 therapeutic proteins, but the KDEL sequence may induce ER stress and slightly reduce plant 44 biomass. 45 46
Introduction 47
Colorectal cancer (CRC) is the second most frequently diagnosed cancer in women and the 48 third most commonly diagnosed cancer in men worldwide [1] . Highly valuable recombinant 49 therapeutic antibodies for the diagnosis and treatment of cancer have been produced in 50 transgenic plant systems [2, 3] . In fact, to express anti-CRC mAbs, Arabidopsis was selected 51 as a production platform because of its short life cycle and high total soluble protein content 52 [4, 5] ; however, therapeutic glycoproteins produced in plant cells had plant-specific N-glycans. 53 
GATTAATCGATTTTACCCGGAGTCCG-3′;
LC forward primer, 5′-115 GCCTCGAGATGGGCATCAAGATGGAATCACAG-3′; LC reverse primer, 5′-116 GAGGTACCCTAACACTCATTCCTGTTGAAGCTC-3′. Leaves from NT plants were used 117 as a negative control, and the pBI CO gene was used as a positive control. PCR analysis was 118 replicated more than three times. germination rates were calculated as follows: (number of germinated seeds/total seeds) × 100. 146 Germination was checked four days after transfer to the growth chamber, and primary root 147 lengths were checked at four, six, eight, 10, and 12 days. Glostrup, Denmark) was applied according to manufacturer's instructions, and samples were 199 then counterstained with Mayer's hematoxylin (Muto Pure Chemicals CO., Tokyo, Japan).
200
Slides were mounted with cover glass using Permount solution and visualized with a 201 microscope (×400 magnification, BX53F (Olympus, Tokyo, Japan)). Agrobacterium-mediated dipping transformation (Fig 1) . A total of 2,000 T 1 seeds were 240 obtained after floral dip transformation, and seeds were then plated on MS medium containing 241 kanamycin prior to transformant selection. Most of the sown seeds failed to develop true leaves, 242 and were etiolated with light yellow-colored shoots (Fig 2A; top) . Approximately 40 seedlings 243 with true leaves that survived culture in the kanamycin medium, for each transgenic plant 244 expressing mAb CO and mAb COK (CO and COK, respectively), were transplanted to a 245 growth chambers under standard conditions (Fig 2A; bottom) . The rosette leaves of 40 plants in NT Arabidopsis (Fig 2B; top) . After confirmation of transgene insertion, protein expression 249 of HC and LC proteins in leaves was determined by western blot analysis ( Fig 2B; bottom) , 250 and HC and LC protein bands were detected at approximately 50 and 25 kDa, respectively.
251
Among the randomly selected 10 plants, six CO and five COK plants exhibited HC and LC 9 252 protein bands, respectively (Fig 2B; bottom) antibiotic selections ( Fig S1) . NT, CO, and COK in the kanamycin-containing media were 94.7, 95.7, and 96.9%, 267 respectively ( Fig 3A) . Twelve days after germination, the average primary root lengths of NT,
268
CO, and COK specimens were 30.6, 28.0, and 20.7 mm, respectively, in media without 269 kanamycin ( Fig 3B; left) . In kanamycin-containing media, the average primary root lengths of 270 CO and COK were 23.2 and 12.2 mm, respectively, 12 days after germination (Fig 3B; right) .
271
In general, the primary root length of COK plants was shorter than that of plants in both the 272 NT and CO groups (Fig 3B,C) . All NT seeds were etiolated in MS media containing kanamycin 273 within 4-5 days. The root lengths of plants in the CO group were approximately twice that of 274 plants in the COK group ( Fig 3C and S1 Fig) . The primary root growth rate of COK was lower 275 than that of CO in media, regardless of the presence of kanamycin. The mRNA expression levels of 11 ER stress-related genes (bZIP17, bZIP28, bZIP60, BiP1, 280 BiP3, IRE1a, NAC103, NAC089, BAG7, BAX inhibitor 1, and ERO1) were quantified using 281 qRT-PCR analyses to investigate the effects of ER retention motif tagging on transgenic 282 Arabidopsis plants expressing mAb CO and mAb COK (Fig 4) . Expression of ER stress-related 10 283 genes (bZIP17, bZIP60, BiP1, BiP3, NAC103, NAC089, BAG7, BAX inhibitor 1, and ERO1) 284 were significantly upregulated in COK lines compared to CO lines, with the exception of 285 bZIP28 and IRE1a genes. Among the tested genes, the mRNA levels of BiP3 in COK were 286 almost three times higher compared to CO lines. respectively, and the difference between the two was significant (Fig 5A,B) . Following an in 294 vitro antibiotic susceptibility test, true leaf-generated shoots (CO (36 shoots), and COK (32 295 shoots)) were transplanted to a soil pot for further study. Ten-weeks after transplanting to a HC and LC transcription levels did not differ significantly between CO and COK lines.
322
However, HC expression levels in COK plants were 4.4-fold higher than those of CO plants, 323 and LC expression levels in COK plants were 4.9-fold higher than those of CO plants (Fig 6C) .
324
In addition, COK plants exhibited more stable expression patterns than CO plants. These results 325 indicated that ER retention motif tagging to HC affects protein expression levels rather than 326 transcription levels. Immunohistochemical analyses using a Dako REAL TM EnVision TM
327
Detection System and Mayer's hematoxylin were conducted to confirm the localization of mAb 328 CO and mAb COK in rosette leaves of Arabidopsis plants (NT, CO, and COK) ( Fig 6D) . Brown 329 color staining was observed in leaf tissues of both CO and COK Arabidopsis plants, whereas 330 brown color stained cells were not detected in the leaf tissues of NT plants ( Fig 6D) . The brown 331 color density of COK plants was stronger than that of CO plants (Fig 5D; ×200 , ×400, and 332 ×1000). In COK plants, brown color staining was localized in the intracellular space, including 333 xylem and phloem areas, whereas staining was localized in the extracellular space of CO leaf 334 tissues ( Fig 6D; ×1000) . SDS-PAGE analyses were used to identify HC (50 kDa) and LC (25 kDa) of anti-CRC mAb P 346 CO17-1A from elution fractions ( Fig 7B) . Both mAb CO and mAb COK were mainly eluted 347 in fraction samples (F1 and F2; Fig 7B) . Each eluted sample (F1-F3) was quantified, and the 348 total amounts of mAbs obtained were 410 (CO) and 1,950 µg (COK). The amount of mAb 349 obtained from COK plants was five-times higher than that obtained from CO plants.
351
Binding activity of anti-CRC mAbs to antigen EpCAM proteins 352 Purified samples (mAb P CO and mAb P COK) were dialyzed with 1× PBS and normalized to 353 adjust the concentration (25 µg·mL -1 ) for SPR analyses (Fig 7C) , and 250-µL samples (anti-
354
EpCAM mAb, mAb P CO, and mAb P COK) were used for each SPR analysis. Both mAb types
355
(mAb CO and mAb COK) had higher and similar binding affinities to EpCAM compared to 356 mammalian-derived anti-EpCAM mAb. Results of SPR analyses showed that COK had the 357 highest equilibrium concentration to the immobilized chip coated with EpCAM-Fc after 200 358 seconds ( Fig 7C) . Anti-EpCAM mAb and mAb CO had lower equilibrium concentrations 359 compared to mAb COK, and dissociation rates were almost equal between CO and COK.
360
However, anti-EpCAM mAb dissociated faster than both CO and COK ( Fig 7C) . greatly increased up to five times in mAb COK plants compared to mAb CO plants. 416 The binding affinities of both mAb P CO and mAb P COK to target antigen EpCAM 417 molecules were higher or similar to mammalian-derived anti-EpCAM mAb counterparts, 418 respectively. Moreover, these results were previously discussed in transgenic tobacco system 
